The paper provides an overview of the use of coherent anti-Stokes Raman scattering (CARS) and spontaneous Raman scattering for diagnostics of low-temperature nonequilibrium plasmas and nonequilibrium high-enthalpy flows. A brief review of the theoretical background of CARS, four-wave mixing and Raman scattering, as well as a discussion of experimental techniques and data reduction, are included. The experimental results reviewed include measurements of vibrational level populations, rotational/translational temperature, electric fields in a quasi-steady-state and transient molecular plasmas and afterglow, in nonequilibrium expansion flows, and behind strong shock waves. Insight into the kinetics of vibrational energy transfer, energy thermalization mechanisms and dynamics of the pulse discharge development, provided by these experiments, is discussed. Availability of short pulse duration, high peak power lasers, as well as broadband dye lasers, makes possible the use of these diagnostics at relatively low pressures, potentially with a sub-nanosecond time resolution, as well as obtaining single laser shot, high signal-to-noise spectra at higher pressures. Possibilities for the development of single-shot 2D CARS imaging and spectroscopy, using picosecond and femtosecond lasers, as well as novel phase matching and detection techniques, are discussed.
Introduction
Accurate characterization of high-pressure nonequilibrium molecular plasmas, at high specific energy loadings and highly transient conditions, is critical for the fundamental understanding of the kinetics of pulsed breakdown, energy partition in pulsed electric discharges, molecular energy transfer processes, plasma chemical reactions and nonequilibrium high-enthalpy flows. Quantitative insight into these processes is necessary for the development of engineering applications of high-pressure nonequilibrium plasmas, such as plasma assisted combustion, plasma flow control, and molecular gas lasers. Time-resolved and spatially-resolved measurements of rotational/translational temperature, vibrational level populations of molecules, species number densities and electric fields in these plasmas are of particular importance for these applications. Coherent anti-Stokes Raman scattering (CARS) and spontaneous Raman spectroscopy are two powerful laser diagnostic techniques that have been widely used for these non-intrusive measurements, providing high spatial resolution, time resolution and spectral resolution. Broadband CARS and Raman diagnostics are particularly attractive since they do not require high long-term temporal stability of the laser beams and provide simultaneous access to a manifold of vibrational levels of multiple molecular species, although this reduces the signal-to-noise ratio. Over the last 20-30 years, these techniques have been applied for nonequilibrium plasma and flow thermometry, quantifying vibrational excitation of molecular species in these environments, identification of dominant energy transfer processes controlling vibrational level populations and energy thermalization, and measurements of vibrational energy transfer rates.
The objectives of the present work are to provide an overview of recent experimental results that used these diagnostic techniques to characterize nonequilibrium molecular plasmas and nonequilibrium high-enthalpy flows, and to discuss the current state of the art. This work is not pretending to be a comprehensive review of the use of CARS and Raman scattering for other applications such as combustion diagnostics, high-resolution spectroscopy and condensed matter diagnostics. This paper is organized as follows: section 2 presents a brief overview of theoretical background of CARS (sections 2.1-2.3), four-wave mixing (section 2.4), and spontaneous Raman spectroscopy (section 2.5); section 3 discusses details of the experimental implementation of these techniques and data reduction; section 4 reviews experimental results (section 4.1-vibrational CARS for vibrational level population measurements and thermometry in nonequilibrium plasmas and afterglow, section 4.2-vibrational CARS for vibrational level populations and thermometry in nonequilibrium high-enthalpy flows; section 4.3-pure rotational CARS thermometry in nonequilibrium plasmas and afterglow, section 4.4-CARS / 4-wave mixing for electric field measurements in nonequilibrium plasmas, section 4.5-spontaneous Raman spectroscopy for vibrational level populations and thermometry in nonequilibrium plasmas and afterglow, section 4.6-brief overview of kinetic modeling); finally, section 5 discusses future prospects.
Theoretical background: polarization theory of coherent anti-Stokes Raman scattering
CARS is a well-known optical four-wave mixing diagnostic technique which has been used extensively in combustion, gas discharges, and aerospace applications for measurements of rotational/translation temperature and, to a lesser extent, of the vibrational distribution function [1] . Recently, its use has become more prevalent in studies of nonequilibrium molecular plasmas, particularly air or nitrogen containing plasmas. Of particular relevance are studies of nanosecond pulsed discharge plasmas, which have generated much recent interest due to their significant potential for a wide variety of applications such as plasma assisted combustion, plasma medicine and plasma aerodynamic flow control [2] .
Principle of CARS
Referring to the energy level diagram of figure 1, the CARS technique can be visualized as a pair of two-photon processes.
In the first process, a pair of optical waves, termed 'pump' and 'Stokes', are brought incident to a polarizable medium containing, most often, diatomic molecular species. The interaction of the pump/Stokes beam pair with the medium results in the establishment of a polarization (dipole moment per unit volume) which oscillates coherently (i.e. spatially and temporally phased) at the difference frequency between the two waves, ω v = ω 0 − ω 1 , with the induced polarization being maximum if ω v is equal to a resonant frequency (vibrational or rotational frequency) for one of the species within the medium. In the second process, a third wave, known as the 'probe' wave, which is often but not necessarily at the same frequency as the pump wave (ω 0 ), induces ordinary Raman scattering from the coherent oscillating polarization. Since the individual scatterers within the medium have a well-established phase relationship, the resulting Raman scattering from each individual molecule adds coherently in what is known as the phase matching direction. The result is the creation of a fourth laser-like beam at the anti-Stokes frequency, ω 3 = 2ω 0 − ω 1 . In common practice, the Stokes wave is spectrally broad, typically derived from what is known as a 'modeless' pulsed dye laser, which enables an entire molecular Raman spectrum to be acquired simultaneously, in some cases including the spectra of multiple species. If signal levels are sufficient, the Raman spectrum can be obtained essentially instantaneously from a single simultaneous firing of the short pulsed laser beams, most often generated using Q-switched (nanosecond duration) lasers, but more recently the use of picosecond and even femtosecond lasers has become more common. In scanning CARS, the dye laser is slowly scanned across the spectrum, providing a high spectral resolution. In this case, high temporal stability of the laser beams becomes critical.
CARS beam generation
The classical polarization theory of CARS has been well established for more than 40 years. The summary below is based on the formulation given by Eckbreth [1] , which is in turn based principally on the formulations given by Harvey [3] , Nibler and Knighten [4] , and Yariv [5] . The starting point for the classical polarization theory description of CARS is the definitions of the electric displacement and polarization vectors, which for a linear process are given as 
where χ 1 is the linear susceptibility. Basically, equations (1) and (2) state that when an electric field is incident upon a medium, the medium responds by creating a macroscopic polarization (dipole moment per volume, in C m −2 ). If the field oscillates, such as in an electromagnetic wave, then the polarization will also oscillate. More generally, as the intensity of the applied field is increased, the induced polarization can be expressed as a series expansion,
where for an isotropic medium, such as a plasma, all χ even are equal to zero by symmetry. CARS is a third order non-linear process where χ 3 has units of m −1 V −2 . In its more general form, taking into account the varying possible polarizations of the applied fields and the resulting polarization, the components of the polarization vector are written as
where the indices i, j, k, l represent polarization directions of the incident and CARS (ω 3 ) fields, and repeated indices indicate performing a summation. As will be shown below, the application of what are known as pump and Stokes waves, ω 0 and ω 1 respectively, will result in the creation of a coherent oscillating polarization at the difference frequency, ω 0 − ω 1 . This coherent oscillating dipole will 'launch' a wave at the anti-Stokes frequency, ω 3 = 2ω 0 − ω 1 , which originates by substitution of the third order polarization, → P , 3 into the wave equation, which for the CARS wave at ω 3 is given as
where n i is the refraction index of the medium at the wavelength λ i . Physically, the phase matching condition represents the constraint that in order to grow coherently, the fields created at each spatial location along the beam propagation direction must be in phase with the propagating field generated at 'downstream' locations. This requires a zero mismatch between the phase velocity of the generated CARS beam and the effective phase velocity of the pump/Stokes/probe beam combination. The simplest phase matching condition is to use collinear beams, since the dispersion in the refraction index in weakly ionized plasma will be small. However, as will be discussed below, a much higher spatial resolution can be achieved by arranging the beams in what is known as the 'folded BoxCARS' configuration, in which the beams are crossed at appropriate angles in 3D.
Physical origin of the CARS susceptibility
The CARS medium is generally modeled as an ensemble of damped harmonic oscillators which are 'driven' by a polarizability-based driving force. Defining x(t) as the time-dependent internuclear separation for an individual dipole, and ignoring the spatial dependence of x and the driving force, we have:
where Γ is the damping coefficient, ω v is the vibrational resonant frequency, and F is the driving force given, on a per molecule basis, as
Note that the force is averaged over the period of the optical frequency, which is much faster than the molecular response, and α ∂ ∂x ( / ) 0 is the polarizability derivative with respect to vibration, evaluated at the equilibrium internuclear separation. Now consider a field given by the superposition of two oscillations, again ignoring the explicit spatial dependence and focusing only on the time dependence. 
In equation (11), 'c.c' stands for complex conjugate. Substitution of equations (10) and (11) into equation (9) will give
(12) The vibrational term for the Raman third order polarization, P 3 (t), is given by
where N is the number density of dipoles. Substitution of equations (11) and (12) into equation (13) , after some algebra, will give 
From equation (14) , it is apparent that there will be oscillations at ω 1 , ω 2 , 2ω 1 − ω 2 , and 2ω 2 − ω 1 . Focusing on the CARS term, ω 3 = 2ω 1 − ω 2 , and defining the amplitude of the third order polarization as
we arrive at the amplitude of the oscillating polarization at ω 3 , given as 
As discussed above, when the third order polarization is substituted into equation (6) , the wave equation, the result is to 'launch' an electromagnetic wave at ω 3 = 2ω 1 − ω 2 . If the phase matching condition for the four waves is met, than the wave at ω 3 will grow into an intense CARS 'beam.' Finally, defining the CARS susceptibility as
we have
where χ nr is the contribution to the CARS susceptibility due to what is known as the 'non-resonant background', which is typically small compared to the resonant susceptibility, particularly in plasmas, but is non-negligible. The CARS resonant susceptibility can also be expressed in terms of the spontaneous Raman cross section for the transition of interest, with the result
where N l − N u is the population difference between the lower and upper levels of the targeted transition.
CARS / 4-wave mixing for electric field measurements
Recently, the use of a four-wave mixing technique, very similar to CARS, has been developed into a diagnostic technique for determination of spatially and temporally resolved electric field. The basis of the technique, first described and demonstrated in [6] , is illustrated and compared to vibrational CARS in figure 2 . By application of an external electric field, an electric dipole can be induced in an otherwise non-polar molecule. Introduction of strong collinear pump and Stokes fields, from an appropriate pair of laser beams, creates the same coherent oscillating polarization that is the basis of vibrational CARS. However, in this case, the oscillating molecules now have a small field-induced dipole moment and as such they radiate at the vibrational frequency, which is in the IR portion of the spectrum. The result is a coherent CARS-like signal in the infrared whose intensity depends quadratically on the external electric field strength. Most reported CARS measurements of electric field, including the initial work of [6] , have been performed using hydrogen as the active species [7] [8] [9] , although some measurements have also been reported in nitrogen [10, 11] . In practice, the ordinary vibrational CARS signal is obtained simultaneously with the electric field signal since it is the ratio of the two signals which results in the electric field measurement. This can be seen by comparing the IR and CARS signal beam intensities, which are given as (21) where E Ext is the electric field to be measured, and χ i are the third order susceptibilities for the CARS and E-field CARS processes. Taking the ratio of the IR and CARS signal intensities, noting that for E-field CARS the 'green' beam serves as both the pump and probe, and rearranging gives
where A is a constant which is determined by calibration in sub-breakdown dc field. Thus, by monitoring the intensities of the pump, CARS, and IR beams the electric field can be determined.
Spontaneous Raman spectroscopy
Spontaneous Rayleigh/Raman scattering is a linear (χ 1 ) process (see equation (2)), which can be explained, classically, as the result of an incident electromagnetic wave inducing an oscillating electric dipole moment, p(t), which is given by the product of the polarizability, α, of the medium and the timevarying incident electric field, E(t),
The polarizability is customarily expanded with respect to the vibrational normal coordinates (or 'normal modes', Q) of the molecule, as follows,
where α 0 and α ∂ ∂Q ( / )0 are evaluated at the equilibrium internuclear displacement. Assuming a harmonic oscillation with natural frequency, ω k , and sinusoidal applied electric field, E, with frequency ω 1 and amplitude E 0 , the induced electric dipole moment is given as
The first term in equation (25) contributes to Rayleigh and pure rotational Raman scattering, whereas the second term represents vibrational Raman scattering.
For quantized transitions between rotational-vibrational quantum states, the analogous quantum mechanical expression for what is known as the polarizability matrix element is
where J″, v″, J′, and v′ are rotational and vibrational quantum numbers labeling the initial and final states, respectively, and the brackets indicate integration. In equation (26), the first term represents Rayleigh and pure rotational Raman scattering, both of which vanish unless v″ = v′, due to orthogonality of the vibrational wave functions, and the second term is responsible for vibrational Raman scattering. For pure rotational Raman scattering, the scattering intensity, I, is given as [12] 
known as the Plazeck-Teller symbols, are the part of the polarizability matrix elements which arise from summation over the magnetic sublevels, m J .
For vibrational scattering, assuming harmonic oscillator wave functions, the scattering intensities are given as
In equations (27) - (32), symbols ‖ and ⊥ correspond to the scattering polarized parallel and perpendicular, respectively, to the incident laser polarization direction. N J is the number density of scatterers in the level J, I L the irradiance (power density) of the incident laser beam, and a 00 and γ 00 represent matrix elements for the mean and anisotropic parts of the polarizability tensor, respectively, given as 
Similarly, γ a / 10 10 represent the corresponding polarizability derivative components. For linear molecules which behave as rigid rotors (or more precisely, for symmetric top wave functions with the quantum number K = 0), the Plazeck-Teller symbols,
have the following form [12] ,
In nonequilibrium plasmas, a variety of anharmonicity effects also need to be taken into account including the anharmonic correction to the vibrational matrix element (second term in equation (26) [13] ), centrifical distortion [14] , and rotation-vibration interaction [15] . This is discussed in more detail in [16] . Figure 3 shows the major elements of a basic broadband CARS apparatus. The key elements are (i) the pump laser, most often the second harmonic output (532 nm) of a Q-switched (nsec duration) Nd:YAG laser, although the use of picosecond lasers is becoming more common; (ii) a broadband dye laser, which generates the Stokes beam, and which is typically pumped by the same laser that provides the CARS pump (and often probe) beams; (iii) beam delivery and capture optics, and (iv) a grating spectrometer/imaging camera combination (in this case an electron multiplying charge-coupled device (CCD) camera), also known as an optical multichannel analyzer (OMA). Note that typical gratings have more spectral resolution than can be afforded by scientific grade digital cameras and so the spectral resolution can be increased by the incorporation of an image magnification system using a pair of lenses (typically commercial camera lenses).
Experimental details and spectral analysis

Broadband CARS
The most important element of a broadband CARS system is the 'modeless' broadband dye laser, an example of which, taken from Roy et al [17] , is shown in figure 4 . The dye laser, which in this case produces picosecond duration pulses (nanosecond versions are similar) consists of a transversely pumped 'oscillator' cell, followed by a transversely pumped preamplifier, and a longitudinally pumped final amplifier. Note that in this case the oscillator beam is created from amplified spontaneous emission, as there is no actual optical cavity. This is the basis of the 'modeless' design. Figure 4 also shows the insertion of a variable angle of incidence transmission filter between the pre-amplifier and final amplifier. When used in combination with a very broad dye mixture [18] , consisting of a solution of Pyrromethene 597 and Pyrromethene 650 dyes, this enables tuning of the broadband spectral output. Figure 5 shows the spectral output, as determined from the non-resonant background (NRB) spectrum of argon, along with the Stokes wavelengths for v = 0 to v = 10 transitions of N 2 , when a 552 nm edge dichroic filter is inserted oriented at an angle of 10° with respect to the laser beam propagation axis. The Stokes beam is centered near 600 nm, with a FWHM of approximately 11 nm. The band center is purposefully tuned such that there is greater output at higher vibrational levels in order to compensate, somewhat, for the reduced population of these higher levels in the experiment. Figure 6 illustrates what is known as the 'folded BoxCARS' phase matching geometry, in which the pump/Stokes and the probe beams are arranged on a single lens in an isosceles triangular geometry. The CARS beam is then formed opposite to the Stokes beam. This geometry provides high spatial resolution, with a typical cylindrical probe volume with dimensions of 50-100 microns in diameter and ~0.5-1.0 mm in length, depending upon the focal length of the lens.
CARS is most often used for determination of the rotational/ translational temperature and vibrational distribution function of N 2 , although the technique can also be readily applied to other major species. Determination of the rotational/translational temperature is most often performed using either the v = 0 to v = 1 Q-branch (ΔJ = 0) transition or the pure rotational transition, Δv = 0, ΔJ = ±2. In general, the vibrational Q-branch is preferred for relatively high temperatures (higher Modeless broadband dye laser spectral output when a solution of Pyrromethene 597 and Pyrromethene 650 is used in combination with a dichroic absorption filter [19] . than ~600-700 K), whereas at temperatures on the order of room temperature there are advantages to using pure rotational CARS. At low densities (less than ~50 Torr), pure rotational CARS is also advantageous since the spacing between the individual pure rotational transitions are much larger than for the Q-branch. This mitigates Stark broadening effects when high pulse energies are used.
As evident from equations (7) and (19), inference of rotational/translational temperature is based on the spontaneous Raman spectrum of the targeted species, most often the N 2 molecule. For Q-branch transitions, the individual rotational lines are weakly separated due to what is known as rotationvibration interaction. Specifically, to within the first term in the Dunham expansion,
where B e is the equilibrium rotational constant, α e is the vibration-rotation interaction constant, which accounts for the v-dependence of the molecular moment of inertia of the molecule, and J is the rotational angular momentum quantum number. In terms of transition frequency, the individual J transitions within the v = 0 to v = 1 Q-branch are given as . Physically, the effect of increasing vibration is to slightly increase the internuclear separation which leads to an increase in the moment of inertia, I = μR e 2 , of the molecule. Since the rotational energy levels are given as
an increase in R e leads to a decrease in rotational energy. Figure 7 shows an example Q-branch spectrum obtained in a repetitively pulsed nanosecond H 2 -air plane-to-plane dielectric barrier discharge at an equivalence ratio of ϕ = 0.4 and 92 Torr total pressure, along with a least squares fit with an inferred rotational/translational temperature of 1250 ± 35 K [20] . The spectrum was obtained ~3.5 μs after the end of a 120-pulse 'burst' at a pulse repetition rate of 10 kHz. The spectrum represents an average of 100 individual laser shots and the individual rotational lines are clearly partially resolved. The weaker broad feature centered at ~2298 cm −1 is the v = 1 → 2 Q-branch.
Note that for pure rotational CARS, with selection rule ΔJ = ±2, the spacing between individual transitions in the ground vibrational level, assuming rigid rotor wave functions, is 4B 0 , which is on the order of 8 cm −1 for N 2 . This is significantly higher compared to line spacing in Q-branch vibrational CARS, (B 1 − B 0 )J(J + 1), unless high rotational levels, J ~ 20, are populated, which occurs at rotational temperatures T rot ~ BJ 2 /2 ~ 600 K. Thus, line spacing in pure rotational CARS spectra is sufficient to be readily resolvable with relatively low resolution grating spectrometers.
One of the most powerful features of CARS is the ability to determine the vibrational distribution function. The spectroscopic basis for this is the ability to resolve transitions originating in different vibrational levels, which is the result of the anharmonicity in the molecular potential. Specifically, the vibrational energy, considering the molecule as a simple harmonic oscillator plus the first anharmonicity correction term, can be approximated as
e e e vib 2 (41) where for N 2 in the ground electronic state ω e = 2358.6 cm
and ω e x e = 14.32 cm −1 . Figure 8 gives example spectra from a highly vibrationally non-equilibrium nanosecond pulse pin-to-pin discharge in N 2 at P = 100 Torr, at three different times relative to the leading edge of the discharge current pulse. The pulse duration is ~100 ns. Measurable population is observed for vibrational levels as high as v = 9, whereas the measured rotational/translational temperature does not exceed ~500 K [19] .
Inference of the vibrational distribution function from the raw spectra consists of the following steps. First, the raw spectrum is divided by the non-resonant background signal in order to normalize it, principally, to the broadband dye laser spectral output. Second, the square root of the normalized spectrum is least squares fit to a set of spectral lineshapes, one for each vibrational level detected. Numerical integration of these individual spectral components is then divided by v + 1, the assumed harmonic oscillator dependence of the spontaneous Raman cross section, which is a very good approximation for N 2 vibrational levels. The result is a set of vibrational population differences, N(v i ) − N(v i+1 ), see equation (19) . Assuming a zero population in levels exceeding the maximum level with a detectable population, v max , allows straightforward inference of the relative population of vibrational levels
Spontaneous Raman scattering
The experimental procedure for spontaneous Raman scattering is considerably simpler than that for CARS, which is a large factor in its relative popularity as a diagnostic method. Basically, a single, generally linearly polarized, 'probe' laser beam is brought incident to the measurement volume, scattering from which, typically at 90° with respect to the laser propagation direction, is imaged onto the entrance slit of a grating spectrometer. The use of a single laser beam considerably simplifies alignment. The resulting spectrum is then spectrally analyzed in a manner that is essentially identical to that of the square root of the CARS spectrum. Spectral resolution, however, is typically lower compared to CARS, in spite of the fact that similar resolution spectrometers are typically employed. This is due to the fact that for spontaneous Raman scattering there is an inherent trade-off between the entrance slit dimension, which dictates the spectral resolution, and the level of the detected signal. This is not an issue for CARS since the coherent scattering can be readily focused to a near diffraction limited spot at the spectrometer entrance slit location. As such, CARS Q-branch spectra are at least partially spectrally resolved, enabling accurate rotational/translational temperature measurements, something which is more challenging for spontaneous Raman scattering, where the temperature needs to be inferred from an unresolved rotational envelope, if the spectrometer instrument function is known accurately. Also, CARS signal scaling as a square of the number density, compared to linear scaling of spontaneous Raman scattering signal, is an advantage for measurements in high pressure environments.
Spatial resolution in spontaneous Raman measurements is also typically somewhat lower compared to that realizable with CARS under identical conditions (mostly dictated by the scatterer number density), since signal levels are typically lower and as such, significant spatial averaging is often employed. Spontaneous scattering is also more susceptible to contamination from spontaneous plasma emission and stray laser scattering. However, spatially-resolved measurements are possible when signal-to-noise is sufficiently high, using line-wise Raman spectra obtained by imaging the measurement region onto the spectrometer slit [21, 22] . This provides a significant advantage compared to CARS, where spatially resolved measurements require displacing the probed volume across the plasma or the flow, either by moving the test cell / flow channel relative to the laser beams, or by moving the beams if the position of the cell cannot be changed.
CARS and spontaneous Raman scattering studies of nonequilibrium molecular plasmas and flows
Vibrational CARS: vibrational populations and rotational temperature in plasmas and afterglow
As illustrated in figure 8, CARS is ideally suited for the determination of vibrational distributions of major molecular species. Early work in this field was done in low-pressure direct current (dc) discharges in nitrogen (P ~ 10 Torr), where vibrational levels of the ground electronic state N 2 were measured by Shaub et al [23] (v = 0-7) and Smirnov and Fabelinskii [24] (v = 0-6). In high peak current pulsed discharges in nitrogen, operated at pressures of up to P = 100 Torr, Valyansky Experimental CARS spectra of nanosecond pulse pin-topin discharge in N 2 at P = 100 Torr captured 100 ns, 1 μs and 10 μs after the beginning of the discharge current pulse (pulse duration ~100 ns [19] ).
et al [25] and Devyatov et al [26] measured N 2 vibrational level populations up to v = 5. Devyatov et al used a broadband CARS system with collinear phase-matching for timeresolved measurements of N 2 vibrational level populations v = 0-4 in a 200 ns duration pulsed discharge in nitrogen at 60 Torr, between two circular electrodes. They detected a significant rise in relative populations of vibrational levels v = 1-3 after the discharge pulse, for time delays ranging from a few μs to a few tens of μs. This rise could not be explained by near-resonant vibration-vibration (V-V) transfer, one of the dominant processes resulting in overpopulating high vibrational levels in vibrationally excited nitrogen (anharmonic V-V pumping [27, 28] ), which conserves vibrational quanta. This effect, in combination with an observed rise in the total energy stored in the vibrational mode of nitrogen N 2 (v = 0-4), by about 30% over several μs after the pulse (see figure 9 ), led the authors to the conclusion that the energy pooling process N 2 
Σ,v) was adding additional vibrational quanta to the nitrogen vibrational mode. Although in this work the rotational structure of vibrational bands was not fully resolved, temperature rise estimated from the rotational envelope was insignificant, within ΔT ~ 50 K. At this low temperature and on this time scale, V-T relaxation and gas dynamic expansion are very unlikely to affect N 2 vibrational populations.
In a related work by Vereschagin et al [29] , a narrowband scanning CARS system, employing a tunable dye laser and collinear phase matching, was used to measure time-resolved N 2 (v = 0-5) vibrational populations and N 2 rotational temperature, T rot = 320 ± 10 K, after a ~100 ns duration pulsed discharge in nitrogen at 115 Torr, between two plane electrodes. In this work, the rise of v = 2 and v = 3 populations after the discharge pulse has not been reported [25] , in spite of specific energy loading in the discharge being higher than in the work by Devyatov et al [26] . Note that although the use of scanning narrowband CARS provides high spectral resolution, it also requires high temporal stability of the laser beams. In both these experiments [26, 29] , a well-pronounced 'bimodal' structure of the N 2 vibrational distribution was detected, with the first level vibrational temperature,
being significantly lower compared to the slope of the distribution for the higher vibrational levels,
In the work by Vereschagin et al [29] , T vib(0,1) = 1740 ± 200 K and T vib(1,5) = 7290 ± 350 K were measured 50 ns after the beginning of current rise (see figure 10 ). This effect occurs since the electron temperature in the discharge is very high, T e ~ 1 eV, and the time scale for vibrational excitation by electron impact is much shorter compared to the one for V-V energy exchange processes, such as
For this reason, on time scales shorter compared to the characteristic time for V-V energy exchange (several microseconds), the vibrational level populations represent the nascent distribution created by electron impact. The difference between the two vibrational temperatures gradually decreased in the afterglow due to V-V exchange, T vib(0,1) = 2130 ± 200 K and T vib(1,5) = 4429 ± 350 K 6 μs after the discharge pulse. These results are in good agreement with kinetic modeling calculations [29] , which have been used to validate the theoretically predicted V-V energy transfer rates for N 2 -N 2 [30] . Note that the use of vibrational populations measured in a pulsed discharge for V-V rate model validation is somewhat complicated because of 'indiscriminant' excitation of multiple vibrational levels, up to v ~ 10, by electron impact. Inference of V-V energy transfer rates becomes considerably more straightforward and accurate when a selective excitation of v = 1, with subsequent V-V pumping / relaxation, is used (see section 4.5).
Massabieaux et al [31] used a high-resolution, narrowband scanning N 2 CARS system in BoxCARS (for v = 0-3) and collinear (for v ≥ 1) phase matching geometries for measurements of rotational temperature and N 2 (v = 0-15) vibrational level populations in a low-pressure dc discharge and afterglow in nitrogen (P = 2-4 torr). Figures 11 and 12 plot a rotationally resolved Q-branch of the 3 → 4 vibrational band, as well as a vibrational population distribution in the discharge at T rot = 500 ± 30 K and T vib(0,1) = 4000 ± 200 K. The quasisteady-state vibrational distribution measured in these experiments is markedly non-Boltzmann, exhibiting significant overpopulation of high vibrational levels, in good agreement with theory of anharmonic V-V pumping [27, 28] and kinetic modeling calculations.
Dreier et al [32] have used both broadband and narrowband CARS systems to measure N 2 (v = 0-3) populations and N 2 vibrational temperature, T vib = 2130 ± 110 K, in a N 2 -CO-He mixture excited in a low-pressure microwave discharge (P = 5.3 mbar). Similarly, Kishimoto et al [33] used both broadband and narrowband CARS systems in a folded BoxCARS configuration for measurements of spatial distributions of N 2 (v = 0-2) populations and N 2 rotational temperature, respectively, in a N 2 -CO 2 -He mixture in a radio frequency (RF)-excited capillary waveguide CO 2 laser resonator at P = 100 mbar. As expected, measurements without laser generation demonstrated a significantly higher N 2 first level vibrational temperature, T vib(0,1) = 2010 K compared to its value with laser generation, T vib(0,1) = 1620 K, at peak rotational temperature of T rot = 575 K. Doerk et al [34] used a narrowband CARS systems in a folded BoxCARS configuration for measurements of spatial distributions of N 2 (v = 0-2) vibrational populations, N 2 rotational temperature, as well as CO and O 2 number densities in dc-excited and microwave-excited N 2 -CO 2 -He laser mixtures, at pressures of 3-7 kPa. It was shown for nitrogen excited in the microwave discharge, the second level N 2 vibrational temperature exceeds the first level vibrational temperature, T vib(1,2) > T vib(0,1) .
Ershov et al [35] described the use of broadband CARS in Unstable Resonator Enhanced Detection (USED-CARS) phase matching geometry for time-resolved measurements of N 2 first level vibrational temperature in a 40 μs pulse discharge in nitrogen at P = 6 Torr. The vibrational temperature increased during the discharge pulse, up to T vib(0,1) = 4000 K.
These results also illustrated that the use of the vibrational temperature of N 2 (C 3 Π) state, obtained from UV/visible emission spectroscopy, as an estimate of the ground electronic state, N 2 (X 1 Σ), was inadequate. Baeva et al [36] used a narrowband scanning CARS system in a folded BoxCARS phase matching configuration to measure time-resolved and spatially-resolved N 2 vibrational temperature and rotational temperature, as well as NO number density, in a plane-to-plane and a knife edge / plane dielectric barrier discharges in N 2 -O 2 -NO mixtures powered by μs duration pulses. At these conditions the peak N 2 vibrational temperature remains fairly low, T vib(0,1) = 1400 K at 20 kPa and T vib(0,1) = 800 K at 98 kPa, at near room temperature, both due to fairly low discharge energy loading per molecule and due to the high value of the reduced electric field, E/N ~ 170-220 Td, which is in good agreement with kinetic modeling calculations. Time-resolved and spatially-resolved CARS measurements conducted by the same group in a low-pressure microwave discharge in N 2 (P = 5 mbar) demonstrated significant vibrational nonequilibrium, with the peak N 2 vibrational temperature exceeding T vib(0,1) = 3000 K at a rotational temperature of T rot = 450 K [37] . As shown in figure 13 , N 2 vibrational temperature keeps increasing after the microwave discharge pulse ~200 μs long. This trend, reproduced by kinetic modeling calculations, is consistent with the first level N 2 vibrational temperature behavior in the afterglow, observed by Devyatov et al [26] and by Vereschagin et al [29] . In a microwave discharge in O 2 (P = 10 mbar), however, vibrational nonequilibrium was much less pronounced, with the O 2 vibrational temperature reaching T vib(0,1) = 1000 K at a rotational temperature of T rot = 900 K [39] .
Broadband H 2 vibrational CARS spectra have been used extensively for rotational temperature measurements, due to large spacing between individual rotational lines of the Q-branch of 0 → 1 vibrational band (Bornemann et al [40] , Kornas et al [41] , planar BoxCARS geometry, high-pressure arc discharges in hydrogen; Kaminski and Ewart [42] , collinear phase matching geometry, low-pressure microwave discharge in a H 2 -CH 4 -Ar mixture; Tuesta et al [43] , folded BoxCARS geometry, low-pressure microwave graphene discharge reactor in H 2 , H 2 -CH 4 , and H 2 -N 2 mixtures; Shakhatov et al [44] , Shakhatov et al [45] , collinear and planar BoxCARS geometries, low-pressure capacitively coupled and inductively coupled RF discharges in hydrogen). In [46] , both vibrational and rotational temperatures of hydrogen have been measured versus discharge pressure in the range 0.5-8 Torr, T vib(0,1) = 4250 K-2800 K, T rot =525-750 K, demonstrating strong vibrational nonequilibrium which became more pronounced as the pressure was reduced. A similar trend was observed in narrowband scanning CARS (in collinear and planar BoxCARS geometries) measurements of N 2 rotational and vibrational temperatures in diffuse glow and contracted discharges in nitrogen at P = 2-20 Torr [46] . In these measurements, strong vibrational nonequilibrium was detected at a quasi-steady-state at low pressures (T rot = 395-600 K, T vib(0,1) = 2850-5300 K), and discharge contraction at higher pressures resulted in a significantly higher rotational / translational temperatures, T rot =1000-1350 K. Vibrational and rotational level populations of H 2 and D 2 (v = 0-3) in low-pressure discharges (P = 55 μbar) have been measured by Pealat et al [47] using a narrowband scanning CARS system, demonstrating strong vibrational and rotational disequilibrium (up to T vib(0,1) = 2390 K at T = 530 K in hydrogen). Significantly higher H 2 vibrational-rotational level populations, up to v = 13 (close to dissociation limit), have been measured in a low-pressure hydrogen plasma (P = 1.5 Pa) by vacuum UV LIF [48] , where the VUV beam was generated in a high-pressure hydrogen Raman cell using Stimulated Anti-Stokes Raman Scattering (SARS). Extreme disequilibrium, including total population inversion for v = 9-10, caused by electronic to vibrational (E-V) energy transfer from excited electronic states of H 2 , such as B 1 Σ g + , C 1 Π u , has been detected.
More recently, Filimonov and Borysow [49] used broadband CARS in USED-CARS phase matching geometry for time-resolved measurements of vibrational level populations of nitrogen, N 2 (v = 0-6). This work used a ~1 μs duration pulsed dc discharge in 5 torr of N 2 . The authors observed significant vibrational loading during the discharge pulse, as can be seen in figure 14 . Similar to earlier results by Devyatov et al [26] and Vereschagin et al [29] , it can be seen that vibrational levels v > 1 are characterized by a much higher vibrational temperature, T vib(2-6) , than the first level vibrational temperature, T vib(0,1) . Specifically, immediately after the end of the discharge pulse, T vib(0,1) ~ 2200 K, while T vib(2-6) ~ 6000 K (see figure 14) . In the afterglow, T vib(0,1) continues to grow slightly, as T vib(2-6) decreases, and the two vibrational temperatures converge with each other, as well as with T rot after ~50-100 μs, where T rot ~ T vib ~ 3500 K. However, an unexpected result is the occurrence of a second disequilibrium phase, from 100 μs < Δt < 10 ms, when T rot again falls significantly below T vib . It is expected that if the vibrational and rotational temperatures were equilibrated at T ~ 3500 K, V-T energy exchange processes should dominate, and barring external influence, the gas should remain in V-T equilibrium while it cools and eventually reaches T ~ 300 K. The authors attributed the second nonequilibrium stage to vibrational excitation by superelastic collisions with free electrons, which have an electron temperature that greatly exceeds the heavy species rotational/translational temperature. The authors further claim that a lack of strong coupling between vibration and rotation results in a rotational temperature substantially below the electron and vibrational temperatures.
In a similar study Messina et al [50] performed timeresolved broadband CARS, planar BoxCARS phase matching geometry measurements of N 2 rotational/translational and vibrational temperatures in atmospheric pressure ns pulse pin-to-pin discharges in air and in methane-air mixtures. Vibrational levels v = 0-2 were detected, with partial rotational resolution. While the voltage waveforms used in this case had a relatively short full width at half maximum, FWHM ~ 70 ns, a relatively long tail ~200 ns was also present. Results from two discharge cases in air are shown in figure 15 , where a very significant nonequilibrium is readily observed. For both discharge energy loading conditions, the authors note an initial high first level vibrational temperature during the discharge, T vib(0,1) ~ 1400 K and 2200 K for the lower and higher energy loading case, respectively, which rapidly relax ~100 ns-1 μs after the discharge pulse to T vib ~ 1000 K. Approximately 20-50 μs after the discharge pulse, the vibrational temperature reaches a secondary maximum, T vib(0,1) ~ 2000 K and T vib(0,1) ~ 1800 K for the lower and higher energy loading conditions, respectively. In the lower energy loading case, T rot is below ~400 K for the entire time, while for the higher energy loading case T rot is ~450-500 K immediately after the pulse, reaching a maximum of ~900 K at a time nearly coincident with the peak in the vibrational temperature. Figure 16 shows results of time-resolved N 2 (v = 0-9) vibrational populations measurements in a ~2 mm diameter diffuse filament pin-to-pin nanosecond pulsed discharge in air, initially at approximately room temperature and P = 100 Torr [19] . These measurements, as well as time-resolved N 2 rotational/translational temperature measurements, were done by a psec broadband CARS system, described in section 3.1, using a folded BoxCARS phase matching geometry providing spatial resolution in the direction of the laser beams of approximately 0.5 mm. Rotational temperature was inferred from partially resolved Q-branch of N 2 0 → 1 band, such as shown in figure 7 . Radial distribution of N 2 first level vibrational temperature across the plasma filament after the discharge pulse has also been measured. Typical vibrational CARS spectrum, with 0 → 1 to 9 → 10 bands readily identified, is shown in figure 8 . These results have been simulated using a state-specific 'master equation' kinetic model, which incorporates electron impact excitation processes, as well as vibration-translation (V-T) and vibration-vibration (V-V) processes, for N 2 levels up to v = 45, and radial diffusion [19] .
From figure 16 , it can be seen that N 2 vibrational populations t = 50 ns-1 μs after the beginning of discharge current rise (current pulse duration of ~100 ns) exhibit the same well-pronounced bimodal structure as in previous work by Devyatov et al [26] and Vereschagin et al [29] (e.g. see Comparison between experimental and predicted time dependent N 2 vibrational level populations in pin-to-pin single filament nanosecond pulsed discharge in air at P = 100 Torr [19] . figure 10 ). The kinetic model predictions are in good agreement with the experiments for these short time delays after the beginning of the discharge pulse, indicating that vibrational excitation by electron impact is modeled correctly. At t = 1-50 μs, the experimental data demonstrate and the model predicts a significant increase of the v = 1 population, due to the V-V exchange process of equation (44), which results in a rise of first level N 2 vibrational temperature (see figure 17) . However, at t = 1-10 μs, all vibrational level populations v > 0, v = 1-9, continue to increase, a trend not reproduced by the model, which predicts significant depopulation of vibrational levels v > 2 on this time scale (see figure 16) . Also, over this period of time, the total number of vibrational quanta per N 2 molecule predicted by the model,
remains nearly constant. This indicates that V-T relaxation at these conditions over this time scale remains insignificant and the predicted v = 3-9 depopulation is primarily due to N 2 -N 2 V-V exchange, which conserves vibrational quanta. The trend observed in the experiment, however, is a significant N 2 (v = 2,3) overpopulation which occurs without depopulating levels v = 4-8, resulting in significant increase of N 2 vibrational quanta per molecule (see figure 17 ). The effect of N 2 (v = 1-9) rise 1-10 μs after the discharge pulse in nitrogen was even more pronounced, such that the number of vibrational quanta per N 2 molecule after the discharge increased by more than a factor of two [19] . Again, this increase could not be reproduced by the kinetic model incorporating only electron impact, V-T, V-V, and radial diffusion processes. This suggested that overpopulation of high vibrational levels after the pulse occurred either by V-V exchange with higher vibrational levels, v > 8, which have not been detected in the experiment, or by an additional energy transfer process into N 2 (X,v) from other molecular energy modes, similar to the conclusion of Devyatov et al [26] . Indeed, postulating that 30% of energy defect during quenching of excited electronic states N 2 (C 3 Π), N 2 (B 3 Π), and N 2 (aʹ 1 Σ), as well as during N 2 (A 3 Σ) energy pooling reactions goes into vibrational energy mode of the ground electronic state, N 2 (X 1 Σ,v) (E-V processes), improved the agreement between the experiment and model predictions.
However, interpreting the apparent increase of vibrational quanta per molecule as an indication of the effect of E-V energy transfer requires some caution. In the experiments [19, 51] , time-resolved rotational/translational temperature measurements demonstrated very rapid heating of the gas in the discharge filament, up to ΔT ~ 200 K on the time scale of t ~ 0.1-1 μs (see figure 18) , which is shorter compared to the acoustic time scale, t acoustic ~ d/a ~ 5 μs, where d ~ 2 mm is the filament diameter and a ~ 0.4 mm μs −1 is the speed of sound. This suggests that rapid heating, caused primarily by quenching of N 2 excited electronic states, would result in significant pressure overshoot in the filament, with subsequent gasdynamic expansion. Indeed, qualitative evidence of this expansion was detected in phase-locked schlieren images, which demonstrated compression waves originating in the discharge filament propagating in the radial direction after the discharge pulse [51] . The subsequent 'slow' heating, up to T ~ 850 K on the time scale of ~10-500 μs, detected in air but missing in nitrogen (see figure 18) , is most likely caused by V-T relaxation of nitrogen by O atoms, N 2 
Qualitatively, gasdynamic expansion of the discharge filament after the discharge pulse is likely to result in CARS signal collection predominantly from the near-centerline region, which is most strongly vibrationally excited by the discharge. Although 95% of the signal comes from a region approximately 0.5 mm long in the direction of the laser beams [19] , the filament diameter (full width at half maximum of broadband plasma emission) Figure 17 . 'First level' vibrational temperature, rotational temperature and number of vibrational quanta per N 2 molecule in the ns pulse filament discharge in nitrogen [19] . is comparable, ≈2 mm. At these conditions, the effect of gasdynamic expansion and subsequent probing of the most excited region of the filament might be interpreted as additional vibrational excitation after the discharge pulse. Additional work, with better resolution in the radial direction (e.g. probing of a filament discharge sustained between two hollow cylindrical electrodes, to provide optical access in the axial direction) is needed to quantify the possible contribution of this effect.
Experimental demonstration of two-stage energy thermalization in nanosecond pulse discharges and afterglow in air (see figure 18 ) may have significant implications for plasma flow control. Specifically, compression waves generated by heating on sub-acoustic time scale may well be a dominant factor causing turbulent transition in boundary layer and generating coherent structures in flows forced by nanosecond pulse, surface dielectric barrier discharges [52] . In addition, 'slow' heating in near-surface filamentary discharges may well result in the formation of transient low-density regions in the boundary layer and contribute to flow instability development. At this time, the mechanism by which transient perturbations created by nanosecond pulse discharges affect the flow in the boundary layer is not fully understood.
The same ps CARS system as used in [19] was employed to measure time-resolved N 2 rotational and 'first level' vibrational temperatures in a repetitively pulsed, plane-to-plane geometry, double dielectric barrier, nanosecond discharge used for ignition of hydrogen air mixtures [20] . The results have shown the vibrational temperature in air and H 2 -air to be quite low, T vib ~ 800-1000 K, consistent with earlier experiments in a barrier discharge powered by microsecond duration pulses [36] . The results also demonstrated a significant rotational temperature overshoot during ignition of hydrogen, with subsequent gradual reduction due to heat transfer to the test section walls and convective cooling of the flow.
Vibrational CARS: vibrational and rotational temperatures in nonequilibrium flows
CARS diagnostics has been used rather extensively for thermometry, velocimetry, species concentration measurements, and to some extent for vibrational temperature measurements in nonequilibrium high-enthalpy flows. In these flows, nonequilibrium may be produced by rapid supersonic expansion of a high-temperature flow heated in a shock tube used as a nozzle plenum, by a high-power electric discharge, or by a strong shock (either a propagating shock wave in a shock tube or a stationary shock standing in a supersonic test section). An overview of CARS measurements in hypersonic flows is given by Taran [53] , and a comprehensive review of the use of CARS spectroscopy in a more general field of reacting flows is given by Roy et al [54] .
Scanning narrowband and broadband CARS systems, as well as dual-line CARS have been used in previous experiments in nonequilibrium flows. An early work in this field is by Slenszka et al [55] who used narrowband scanning H 2 CARS in folded BoxCARS geometry for rotational temperature measurements in a free expansion of hydrogen jet exiting from an RF heated nozzle, at nozzle temperatures of T = 300-2500 K, detecting significant vibrational-rotational nonequilibrium. Grisch et al [56] used narrowband dualline N 2 CARS in folded BoxCARS geometry to measure 2D distributions of N 2 rotational temperature and number density in Mach 10 nitrogen flow, in a shock wave-boundary layer interaction region behind compression corner. Pulford et al [57] and Boyce et al [58] used single-shot broadband N 2 CARS spectra, also in folded BoxCARS geometry, for measurements of N 2 rotational and vibrational temperatures in a pulsed free piston supersonic shock tunnel flow facility, both in freestream and in a bow shock layer in front of a blunt body. In these experiments, significant vibrational nonequilibrium was detected in freestream, T rot = 850 ± 100 K, T vib(0,1) = 1985 ± 200 K, while the flow in the shock layer was near equilibrium, T rot = 3730 ± 400 K, T vib(0,1) = 4000 ± 200 K [58] . Broadband CARS has also been used to determine vibrational relaxation rates of diatomic molecules, inferred from vibrational and rotational temperatures measured in a supersonic expansion in a shock tunnel, such as has been done by Kozlov et al [59] for vibrational relaxation of CO by H atoms.
More recently, Grisch et al [60] used narrowband scanning N 2 CARS spectra taken in folded BoxCARS geometry (see figure 19 ) to measure spatially resolved nitrogen first level vibrational temperature and rotational temperature distributions in free stream and across the shock layer in a hypersonic nitrogen flow heated by an arc discharge in the wind tunnel plenum. These measurements demonstrated significant vibrational nonequilibrium both in the free stream (T vib ~2500 K > T rot ~ 300 K) and in the shock layer (T vib ~ 2700-2800 K < T rot ~ 4300-4500 K, see figure 20 ), and suggested rotational nonequilibrium (deviation of rotational populations from Bolzmann distribution). Note that, in spite of a longer flow residence time along the stagnation line, vibrational relaxation behind the shock remains slow, such that vibrational nonequilibrium persists through most of the shock layer (see figure 20) . Recent work by Osada et al [61] used broadband N 2 CARS to measure rotational temperatures behind a strong propagating shock wave in a shock tube, T rot and T vib .
CARS diagnostics has also been used to study dynamics of supersonic combustion in non-premixed fuel-air flows. Magre et al [62, 63] used broadband H 2 and N 2 CARS in planar BoxCARS geometry for temperature measurements in a Mach 2 supersonic mixing layer of hydrogen and air, to obtain temperatures in fuel reach and fuel lean regions. Vereschagin et al [64] used broadband N 2 CARS in axisymmetric BoxCARS geometry for tempetature measurements in Mach 3 supersonic combustor with preheated free stream flow, both in subsonic (ram, T = 600-900 K) and supersonic (scram, T = 1200-1600 K) regimes. Cutler et al [65] and O'Byrne et al [66] employed dual-pump CARS diagnostics in planar BoxCARS phase matching geometry, using two different broadband pump beams and a single broadband Stokes beam, to take N 2 and O 2 CARS spectra simultaneously in a supersonic combustor. The measurements have been done in four different planes upstream and downstream of H 2 injection into a Mach 2 flow, yielding 2D temperature distributions, as well as N 2 and O 2 mole fraction distributions, across the flow [66] . Additional data obtained using this approach include distributions of N 2 , O 2 , and H 2 mole fractions, rotational temperature, as well as N 2 and O 2 vibrational temperatures at multiple planes across the flow, demonstrating modest vibrational nonequilibrium [67] [68] [69] .
Strong vibrational and electronic nonequilibrium in supersonic expansion flows can also be produced by exciting the flow in the nozzle plenum by an electric discharge operated at a low temperature. This approach has been previously used in electrically excited gasdynamic lasers, such as CO laser [70] and oxygen-iodine laser [71, 72] . Recently, broadband psec vibrational CARS diagnostics has been used to measure vibrational and rotational temperatures of molecular gas mixtures excited in a plenum of a Mach 5 plasma wind tunnel by two fully overlapped electric discharges, a repetitive nanosecond pulse discharge (to sustain ionization) and transverse dc discharge (to load energy into the plasma) [73] [74] [75] . The 'pulser-sustainer' discharge configuration consists of orthogonal plane-to-plane electrode pairs, one of which is excited with a ~30 kV, 100 kHz repetitively pulsed 5 ns pulsed power supply, and the other with a 4.5 kV dc power supply. The high peak E/N, ~320 Td, of the pulsed discharge produces volume ionization whereas the dc discharge, with E/N of ~50 Td, efficiently loads N 2 vibrational mode. In these experiments, the degree of vibrational nonequilibrium was controlled by injecting various 'relaxer' species, such as N 2 , O 2 , NO, H 2 , and CO 2 , into a nitrogen flow excited in the 'pulser-sustainer' discharge in the nozzle plenum. CARS measurements have been done in the plenum, free stream, and behind a bow shock in a Mach 5 plasma wind tunnel [74, 75] . Figure 21 shows v = 0 and v = 1 N 2 Q-branch CARS spectra obtained in 300 Torr N 2 discharges. The black (dashed) spectrum illustrates the significant vibrational non-equilbrium produced by the pulser-sustainer discharge, whereas the blue (solid) spectrum illustrates the rapid relaxation of this non-equilibrium by addition of a small quantity of CO 2 (1 Torr partial pressure) a few cm downstream of the discharge, resulting in a rotational/ translational temperature rise.
CARS measurements were also performed just upstream and downstream of a bow shock standing in front of a cylindrical model located in the Mach 5 section of the flow (see figure 22) . The free stream static pressure and temperature were 1.2 Torr (measured with a pressure tap) and 50 K (calculated assuming isentropic flow expansion), respectively. The increase in density behind the bow shock is clearly observable. In these experiments, the measurement spatial resolution in the axial (flow) direction, both in front and behind the shock, was ~0.05 mm, much lower compared to shock stand-off distance of ~1 mm. This made possible measuring N 2 vibrational temperature at several locations across the shock layer between the how shock and the model. From figure 22 , it can be seen that that no measurable N 2 vibrational relaxation occurs downstream of the bow shock, consistent with the results obtained by Grisch et al [60] at a much higher stagnation temperature (see figure 20) . These measurements demonstrated significant potential of CARS diagnostics for studies of molecular energy transfer kinetics in nonequilibrium expansion flows.
Pure rotational CARS: rotational temperatures in plasmas and afterglow
As discussed in section 3.1, the use of pure rotational, broadband N 2 and O 2 CARS for temperature measurements in low-temperature, low-pressure plasmas has the advantage of higher spectral resolution, due to significant rotational line spacing (e.g. see figure 23 ), which also mitigates Stark broadening effects when high laser pulse energies are used. Time-resolved temperature was measured during a repetitively pulsed, double dielectric barrier, plane-to-plane geometry, nanosecond discharge in ethylene-air [76] , hydrogen-air [77] , as well as H 2 -O 2 -Ar and C 2 H 4 -O 2 -Ar mixtures [78] , as a function of the number of discharge pulses in a burst. In these experiments, it was demonstrated that heating rate in low temperature ethylene-air and hydrogen-air plasmas is much faster than in air plasmas (e.g. see figure 24 ), primarily due to energy release from exothermic reactions of radicals generated in the plasma with fuel. At sufficiently high equivalence ratios, radical generation in the repetitively pulsed discharge resulted in ignition, detected both from significant rotational temperature overshoot, in good agreement with plasma chemistry kinetic model (see figure 24) , and from OH (A → X) transient emission.
More recently, pure rotational, broadband N 2 and O 2 psec CARS diagnostics have been used for time-resolved measurements of the rotational temperature in single-pulse, diffuse filament nanosecond pulse discharge in air, H 2 -air and C 2 H 4 -air between two spherical electrodes, at P = 40 torr [79] . In these experiments, estimated discharge pulse energy loading per molecule was significantly higher compared to the plane-toplane geometry dielectric barrier discharge, ~0.1 eV/molecule compared to ~0.1 meV/molecule. This resulted in significant heating and vibrational excitation after a single discharge pulse, and made possible studying kinetic mechanisms of energy conversion and thermalization in highly transient plasmas, with high temporal and spatial resolution. The results of these measurements confirmed existence of a 'two-stage' energy thermalization mechanism in air and fuel-air plasmas, first detected by psec vibrational CARS measurements in air [19, 51] . Figure 25 compares experimental and predicted timeresolved rotational temperature during and after a nanosecond pulse discharge in air. It can be seen that although a significant fraction of discharge input energy, ~35%, is rapidly (within ~1 μs) converted to heat, the rest of the energy is thermalized much slowly, on the time scale of ~100-200 μs, which is followed by gradual cooling of the plasma filament by radial diffusion. As discussed in section 4.1, the 'slow' and 'rapid' heating in the afterglow are primarily due to quenching of N 2 excited electronic states and N 2 vibrational relaxation by O atoms, respectively. The use of high spectral, spatial, and temporal resolution, pure rotational broadband psec CARS thermometry in the nanosecond pulse discharge afterglow helped isolating these two kinetic mechanisms, with high accuracy.
CARS / 4-wave mixing: electric field in pulsed plasmas
CARS / 4-wave diagnostics has been used for electric field measurements in nanosecond pulse duration electric discharges [8] [9] [10] 80] . As a representative example of the use of CARS / 4-wave diagnostics for electric field measurements in the plasma, figure 26 shows applied voltage, current, and electric field in a plane-to-plane H 2 discharge with gap of 1.2 mm and a pressure of 175 Torr [80] . The discharge is sustained by a ~10 ns duration voltage pulse with a peak voltage of 1.3 kV. It can be seen that prior to breakdown, the field in the plasma closely follows the applied field. However, at the onset of breakdown, indicated by the rapid rise in discharge current, space charge formation near the cathode results in partial shielding of the plasma, such that the field in the plasma becomes lower than the applied field by approximately 20 percent. Finally, after breakdown the field in the quasi-steady-state plasma remains lower compared to the applied field because of cathode layer formation and cathode voltage fall. This behavior was reproduced by kinetic modeling of the discharge dynamics using a Particle-in-Cell / Monte Carlo model [81] .
Similar measurements have been conducted in nitrogen. Figure 27 compares experimental electric field in a plane-toplane discharge in N 2 at P = 0.25-0.35 bar [82] with kinetic modeling calculations, using a drift-diffusion, quasi-onedimensional discharge model [83] . It can be seen that the model predictions are in good overall agreement with the experimental measurements, although the model overpredicts the rate of voltage drop during breakdown and somewhat underpredicts the quasi-steady-state electric field in the plasma (thus overpredicting the cathode voltage fall). The slower rate of voltage reduction during breakdown, measured in the experiment, may be in part due to the finite duration of the laser pulse (~5 ns).
Recently, a psec broadband CARS system for highly transient electric field measurements has been developed at Ohio State [84] . The two main advantages of the psec laser pulse duration system are higher peak laser intensity, resulting in higher signal-to-noise, and higher temporal resolution of the electric field measurements, if the jitter of the high-voltage plasma generator and the optical diagnostics system is low. Psec duration CARS systems are potentially capable of resolving rapidly varying electric field across the front of propagating ionization waves, at the conditions where ionization may well be affected by non-local effects. The capability of measuring the electric fields at these highly transient conditions would provide new insight into kinetics of ionization in strong electric fields.
Spontaneous Raman scattering: vibrational populations and temperature in plasmas and afterglow
The main advantages of using spontaneous Raman spectroscopy for measurements of vibrational level populations of molecular species are (i) linear dependence of Raman signal intensity on the population, compared to quadratic dependence of CARS signal on the population difference (see equation (19)), making possible measurements of high vibrational level populations; (ii) capability of taking simultaneous measurements of vibrational populations along the laser beam path (i.e. obtaining 'line images' of the populations), and (iii) simultaneous measurements of vibrational level populations of multiple species. One of the disadvantages is relatively low spectra resolution, compared to CARS spectra. Early spontaneous Raman spectroscopy N 2 vibrational level populations measurements, v = 0-15, in afterglow of a pulsed discharge in nitrogen at P = 230 torr were made by Akishev et al [85] . These results exhibited markedly non-Boltzmann distribution of vibrational level populations, with first level vibrational temperature of T vib = 2500 K. More recently, spatially resolved measurements of nitrogen vibrational populations, N 2 (v = 0-8), have been performed in a short-lived afterglow of a microwave discharge in nitrogen [86] , exhibiting a slowly evolving V-V pumped plateau in N 2 vibrational distribution. Spontaneous Raman measurements of vibrational level populations of three diatomic species, N 2 , O 2 , and CO, have been made in high-pressure (up to 1 bar) mixtures of these gases where CO in relatively low vibrational levels, v < 10, was vibrationally excited by resonance absorption of the CO laser radiation (10-20 W c.w [87] [88] [89] .),
High vibrational levels of CO, as well as vibrational levels of N 2 and O 2 , not accessible to laser excitation, were populated by V-V energy transfer, such as
(48)
As shown in the theory of anharmonic V-V pumping [27, 28] , these processes favor overpopulation of vibrational levels with smaller energy spacing, such as high vibrational levels of carbon monoxide and vibrational levels of oxygen, since O 2 has a significantly smaller vibrational quantum compared to that of CO. N 2 vibrational level populations, on the other hand, are expected to be lower than those of CO since N 2 vibrational quantum is somewhat larger than that of CO. Indeed, in optically pumped CO/N 2 mixtures at steady state, CO vibrational levels up to v = 37 were detected, compared to v = 5 of N 2 (see figures 28 and 29) . At these conditions, first level vibrational temperatures were T vib (CO) = 3500 K and T vib (N 2 ) = 2200, with CO exhibiting strikingly non-Boltzmann V-V pumped vibrational distribution (see figure 29) . In these experiments, rotational/translational temperature was estimated from the rotational structure of N 2 S-branch Raman spectrum T rot = 420-640 K [88] , and from the ratio of Q branch vibrational bands intensities in N 2 Raman spectra taken with CO pump laser turned on and off, T trans ≈ 500 K [87] . In optically pumped, steady-state CO/N 2 /O 2 mixtures, N 2 (v = 0-5), CO(v = 0-8), and O 2 (v = 0-12) have been detected (see figure 30 ). As expected, O 2 vibrational level populations exceeded those of CO and N 2 (see figure 31 ). These experimental results are In a related work [90] [91] [92] , stimulated Raman scattering, such as
was used to selectively excite v = 1 populations of N 2 , O 2 , and H 2 , with subsequent decay of the v = 1 population and excitation of v > 1 populations monitored using time-resolved spontaneous Raman spectroscopy. Figure 32 plots Raman-pumped N 2 spectra at two different time delays after the pump laser pulse, with several vibrational bands clearly identified. Time-resolved vibrational level populations inferred from these spectra, N 2 (v = 0-6), O 2 (v = 0-5), and H 2 (v = 0-5) were used to infer rates of V-V energy transfer in these species at room temperature. Partially resolved spontaneous Raman spectra have been used to infer spatial distributions of rotational temperatures, vibrational temperatures, and number densities of N 2 and O 2 in nonequilibrium high-temperature air plasma flows generated in an inductively coupled plasma wind tunnel [93] . Unlike LIF, spontaneous Raman scattering (SRS) measurements in high pressure plasmas are not affected by quenching, the signal is proportional to the flow density, and multiple species (such as N 2 and O 2 ) can be probed at the same time. SRS measurements in large-scale wind tunnels also have an advantage compared to CARS measurements since spatially resolved distributions of flow parameters can be obtained by adjusting a single laser beam. These experiments demonstrated significant vibrational-rotational nonequilibrium (T vib (N 2 ) = 5200 K, T rot (N 2 ) = 2500 K), as well as significant nitrogen dissociation fraction (with approximately 40% of N 2 molecules dissociated), in the freestream. Vibrational nonequilibrium also persisted in the boundary layer, with rotational temperature approaching the surface temperature (T wall = 300 K), while vibrational temperature near the wall remained fairly high (T vib (O 2 ) = 1400-1700 K, T vib (N 2 ) = 2000-2300 K), with approximately half of N 2 and O 2 molecules dissociated. These measurements are complementary to NO LIF and emission spectroscopy data taken at the same conditions [94, 95] . Spatially resolved 1D SRS imaging have also been used for simultaneous measurements of instantaneous (single laser shot) and mean distributions of major species concentrations (N 2 , O 2 , H 2 , CO, CO 2 , H 2 O and C x H y ), fuel-air mixture fraction, and temperature in premixed and partially premixed turbulent flames [96, 97] , as well as for high-speed (10 kHz acquisition rate) 1D SRS imaging of major species (N 2 , O 2 , H 2 , and CH 4 ) in a turbulent CH 4 -H 2 jet issuing into air [98] .
Recently, spontaneous Raman spectroscopy has been used for studies of a pin-to-plane nanosecond pulse filament discharge in atmospheric pressure air, by Lo et al [21, 22, 99] . Time-resolved and spatially resolved measurements of N 2 vibrational levels up to v = 20, O 2 vibrational levels up to v = 13, number densities of N 2 , O 2 , and O atoms, and rotational temperature during and after the discharge pulse have been performed. Spatial resolution of these measurements in the radial direction was approximately 0.18 mm. Rotationaltranslational temperature was inferred from the unresolved envelope of the vibrational bands. Figure 33 shows an example of N 2 Raman spectrum taken 100 ns on the discharge centerline after the current pulse rise, with vibrational levels up to v = 16 clearly identified. The vibrational level population measurement results exhibit trends similar to those obtained by CARS [19, 26, 29] , e.g. see figures 10 and 16. Specifically, temporal evolution of vibrational populations of N 2 and O 2 required two vibrational temperatures, T vib(0,1) and T vib (1,v) , characterizing population of levels v = 1 and v > 1, respectively, defined as in section 4.1. Similar to figures 10 and 16, immediately after the discharge pulse T vib (1,v) (N 2 ) was found to exceed T vib(0,1) (N 2 ), T vib(1,v) = 6510 ± 75 K and T vib(0,1) = 4060 ± 55 K, at a relatively low rotational temperature of T rot = 850 ± 40 K, with subsequent equilibration on the time scale of ~100 μs after the pulse (see figure 34 ). Vibrational excitation of O 2 was significantly lower compared to that of N 2 , with fewer vibrational levels identified. Radial distributions of T vib (1,v) , T vib(0,1) , and T rot , measured in this work, demonstrated strong vibrational nonequilibrium over a region ≈3 mm in diameter, with high T vib(1,v) region extending beyond this diameter.
Time evolution of N 2 vibrational level populations in a nanosecond pulse discharge in nitrogen between two spherical electrodes were also measured using spontaneous Raman spectroscopy at a somewhat lower pressure of P = 100 torr by Roettgen et al [100] , at the conditions similar to previous work by Montello et al [19] . In [100] , the electrode geometry and the pulsed plasma generator were the same as in [19] , but discharge pulse energy was approximately 30% higher. In these experiments, spontaneous Raman spectra were collected from a line segment across the entire discharge filament, 2.1 mm in diameter, and N 2 (v = 0-12) vibrational level populations were inferred from the spectra. The results were consistent with previous CARS measurements [19] and demonstrated significant vibrational nonequilibrium, with first level N 2 vibrational temperature at the end of the discharge pulse of T vib(0,1) = 2000 K, increasing considerably in the afterglow to exceed T vib(0,1) = 4000 K. As in several previous studies (e.g. [26, 29] ), the vibrational distribution at the end of the pulse was bimodal, with vibrational temperatures of levels v > 1 being higher than the first level vibrational temperatures, T vib(v − 1,v) < T vib(0,1) . Consistent with the results of CARS measurements [19] , N 2 (v) vibrational level populations inferred from spontaneous Raman spectra also show a rise of the number of vibrational quanta per N 2 molecule in the afterglow (by about 70% ~1-10 μs after the pulse). Thus, both sets of data exhibit two similar trends after the pulse, (i) significant rise of T vib(0,1) , and (ii) significant apparent increase of vibrational quanta per molecule.
The fact that CARS data set was taken at a significantly higher spatial resolution than the filament diameter (~0.5 mm versus ~3 mm), and spontaneous Raman data set was taken from the entire filament, suggests that these trends are not caused by gasdynamic expansion of the filament. In fact, the first trend that appears to be well understood has been observed previously at the low-temperature conditions when gas dynamics expansion was not a factor, and is in good agreement with kinetic modeling calculations [19] , predicting T vib(0,1) rise and T vib(v − 1,v) reduction in the afterglow due to the downward V-V exchange process of equation (44), as shown in figure 17 . The second trend, which suggests additional energy input into N 2 (X,v) vibrational mode after the discharge, remains a matter of discussion. Using the assumption that 30% of energy defect during quenching of excited electronic states N 2 (C However, detailed spatially-resolved measurements of vibrational level populations across the discharge filament in air, using line-wise Raman spectra [21, 22] suggested that gasdynamic expansion may still play a role in the kinetics of vibrational energy transfer in the afterglow of a nanosecond pulse discharge filament. These results have shown that, after the discharge pulse, T vib(0,1) (N 2 ) rise away from the centerline, ~1-10 μs after the pulse, is more pronounced compared to the centerline (compare temporal distributions of T vib(0,1) (N 2 ) in figures 34 and 36). The authors have concluded that this effect cannot be explained by V-V and V-T energy transfer, although previous kinetic modeling calculations [19] (see figure 17) prove otherwise, demonstrating significant T vib(0,1) due to the downward V-V energy transfer of equation (44) . In [21] , this effect has been attributed to hydrodynamics expansion of the filament, due to rapid heating during and after the discharge pulse. This conclusion appears consistent with time-resolved radial pressure distributions, inferred from temperature and major species number density measurements [22] , which show significant pressure overshoot on the filament centerline near the plane electrode (up to P = 3.5 atm), strong compression wave propagating in the radial direction, and subsequent rarefaction in the filament region (see figure 37). Compression waves generated by a nanosecond pulse discharge filament have been detected by phase-lock schlieren imaging in [51, 101] . The discharge energy balance calculated based on these experimental results demonstrates significant input energy fractions going to vibrational excitation of N 2 (approximately 48%), dissociation of O 2 (approximately 20%, resulting in peak O 2 dissociation fraction of up to 33%), and rapid heating (19%) . No evidence of the number of vibrational quanta per N 2 molecule was reported.
Since time-resolved and spatially-resolved N 2 and O 2 vibrational level populations, rotational temperature, and pressure data obtained in [21, 22] provide extensive characterization of the afterglow over a wide range of time scales, they lend themselves to detailed kinetic modeling calculations. A 2D kinetic model of the nanosecond pulse discharge, coupled with state-specific vibrational kinetics, air chemistry and transient compressible flow equations would provide insight into coupling between kinetics of molecular energy and gasdynamic expansion at these conditions. Also, the extensive set of experimental data of [21, 22] would be invaluable for validation of such kinetic model.
Kinetic modeling
A detailed overview of the very extensive literature of statespecific kinetic modeling of molecular plasmas and flows at the conditions of strong vibrational disequilibrium, such as that studied by CARS and spontaneous Raman scattering experiments discussed above, is beyond the scope of the present work. One of the most widely used and recognized monographs in this field, edited by Capitelli [102] , includes chapters discussing modeling of nonequilibrium vibrational kinetics, dissociation and ionization of diatomic molecules [103] and their coupling with kinetics of plasma electrons [104] . Another monograph [105] addresses a wide range of issues relevant to modeling nonequilibrium high-enthalpy flows, such as state-specific vibrational relaxation and vibrationally stimulated chemical reactions at high gas temperatures [106] and their coupling with nonequilibrium hypersonic flow [107, 108] . A more recent book [109] states and plasma chemical reactions in molecular gas discharge plasmas [110] [111] [112] [113] [114] , optically pumped gas mixtures [87-89, 115, 116] , and high-enthalpy nonequilibrium flows of nitrogen [117] [118] [119] [120] , to name just a few examples in addition to kinetic modeling calculations discussed in the present work. Kinetic modeling is critical for providing predictive quantitative insight into key energy transfer mechanisms involved, and its development, along with experimental techniques, is key to the fundamental understanding of these environments.
Future prospects
We conclude this review by briefly describing two recent advances in CARS diagnostics based on the use of ultrafast femtosecond laser sources, work that has been developed by the combustion diagnostics community. First, feasibility of performing 2D rotational/translational temperature imaging by pure rotational CARS has recently been demonstrated [121] using a femtosecond-picosecond hybrid approach. In the hybrid approach, the pump and Stokes beams are generated from a femtosecond source, which, due to its high intensity and temporal coherence, is very efficient in generating Raman coherence in the medium. Probing is performed using a picosecond laser, which results in spectral resolution of order a few tenths of a wavenumber, sufficient for processing the raw data in the spectral domain. Hyperspectral techniques are used to capture the CARS image with a traditional imaging grating and a CCD detector which has sufficient resolution to provide a 2D spatial image for each N 2 rotational transition. The authors reported the ability to capture 15 000 spatially resolved measurements in N 2 and air over a 2D field of dimensions 2 mm × 20 mm.
As a second example, CARS thermometry in reacting flows, using femtosecond lasers operated at high repetition rates, up to five kHz, has been reported recently [122] . The authors have demonstrated the ability to perform single laser shot femtosecond CARS thermometry in a gas turbine model combustor at 5 kHz repetition rate [123] . Femtosecond CARS is performed entirely in the time domain. Briefly, the Raman coherence produced by the pump and Stokes beams evolves rapidly in time due to the beating of the individual rotational resonances which evolve at different frequencies. A frequency chirped probe is used to encode the temporal evolution as a function of probe wavelength. The chirped signal is [21] . Figure 37 . Radial evolution of pressure measured at different delay times after the pulse discharge near the plane electrode [22] .
detected with an ordinary grating spectrometer, in which the frequency axis is transformed to a time axis with order femtosecond temporal resolution. The Fourier transform of the time domain signal produces a CARS spectrum. Temperature measurement precision of 1.5-2% of the mean flame temperature has been obtained. Finally, spontaneous Raman scattering using pulse-burst laser systems [98] for high-speed 1D line imaging of temperature, species number densities and vibrational level populations in non-premixed turbulent flames, including flames enhanced by nonequilibrium short-pulsed plasmas, is rapidly becoming a possibility.
Summary
From the results discussed in section 4, it is apparent that remarkable progress has been made over the last 20-30 years in the use of CARS and spontaneous Raman spectroscopy for characterization of nonequilibrium plasmas and flows. Specifically, growing availability of picosecond pulse duration, high peak power lasers, including modeless broadband dye lasers, has made possible the use of these diagnostics at relatively low pressures and potentially with a sub-nanosecond time resolution, or obtaining single laser shot, high signal-to-noise spectra at higher pressures. This makes possible electric field and temperature measurements in highly transient nonequilibrium plasmas, such as ionization waves. High spatial resolution provided by BoxCARS phase matching geometry and line-wise Raman spectra makes possible vibrational level population and temperature measurements in plasmas with high spatial gradients, such as pulse discharge filaments, near-surface ionization waves and nonequilibrium shock layers.
